Introduction
The total number of cells present during the life of a multicellular organism is highly regulated by cell division and, importantly, also by non-accidental and non-pathological pathways of cell death. Cells which are no longer required by the organism auto-induce their own death by activating tightly controlled intracellular cell death mechanisms known as programmed cell death. This process is especially important in organs like the gut, where high proliferative cell rates coexist with a high rate of cellular demise in order to maintain healthy tissue homeostasis and organ functionality. In addition, a large number of microbes and bacteria, largely exceeding that of total cells in the human body, reside in close proximity to the intestinal epithelium. Therefore programmed cell death may also play an essential role as a self-protective mechanism by preventing infected cells from persisting or even proliferating, and thereby disseminating potential pathogens, while maintaining proper barrier function of the rest of the intestinal epithelium. It is noteworthy that an imbalance of these processes is involved in the pathogenesis of a number of intestinal diseases, such as inflammatory bowel disease (IBD) and intestinal tumour development [1 5] .
The concept of programmed cell death was first described in 1964 in a study of insect tissue development [6] and later further developed in mammalian cells [7] . Since then, two major pathways of programmed cell death have been identified: apoptosis and necroptosis. Apoptosis is a well-defined cell death subroutine based on the coordinated action of a family of aspartic-acid-specific proteases called caspases, whereas necroptosis is a caspase-independent mechanism of cell death which seems to be dependent on the activity of the receptor-interacting protein (RIP) kinase family [8] . Some reports also described a type of programmed cell death with features of autophagy. However, it is still a matter of debate as to whether autophagy rather represents a survival mechanism, or whether autophagy or another cell death mechanism is actually responsible for this cell death [9] . Apoptosis is the primary programmed cell death response to cellular stress, while necroptosis is considered as a safe but rather rough alternative when apoptosis is impaired or blocked, e.g. in virally infected cells. Moreover, and in contrast to apoptosis, necroptosis leads to the rupture of cell membranes leading to the release of cytoplasmic factors and induction of inflammation. Although necroptosis is often only seen when apoptosis, i.e. caspase activity, is blocked, the intestinal epithelium is a good example where necroptosis plays a critical role in cell death associated with developmental defects due to genetic deletions in mice [10 13 ], e.g. when caspase-8 is deleted (see further discussion below). Thus, the scientific community has developed an increasing interest in this subject in order to decipher the mechanisms and roles of this cell death pathway in vivo [14] .
In this review we aim to focus on the specific biochemical mechanisms of apoptotic cell death implicated in physiological and pathophysiological intestinal epithelial cell (IEC) functions. However, considering the importance of the crosstalk of different cell death subroutines, especially in IECs after tumour necrosis factor (TNF) stimulation [9, 15, 16] , other non-apoptotic mechanisms of cell death will be briefly discussed. Of note, the study of IEC death in physiological scenarios represents a challenge by itself. Although a large number of cells die daily in the intestinal epithelium, a limited number of dying cells can be observed under homeostatic conditions, probably due to the fast cell turnover and their clearance [17] . This mechanism greatly increases the efficiency of the epithelial barrier function; however, it limits the study of cell death under normal steady-state conditions. In this regard, the advantages and disadvantages of the different models and methodology used in the studies cited here will be briefly discussed. Finally, the purpose of this review is to highlight the current knowledge and remaining open questions in the study of IEC death (see Box 1) , in order to give a more complete understanding of the complexity of the signal transduction that regulates the normal physiological as well as pathological cell demise in the intestinal epithelium.
Structure and function of the intestinal epithelium
The small and large intestine (colon) are specialized tubular structures within the abdominal cavity responsible for the digestion of food and the absorption of ions, water, nutrients, vitamins and unconjugated bile salts. No less important is their protective barrier function against gut microbes and other non-microbial content in the intestinal lumen, including enzymes, gastric acid or pancreatic juice [18] . The boundary between these luminal contents and the tissue compartments of the gastrointestinal tract is known as the intestinal epithelial layer, which represents the largest surface of the body in direct contact with the external environment [19] .
The intestinal epithelial layer is a polarized singlecell-layer epithelium composed of different cell types. Absorptive epithelial cells, or enterocytes, are columnar cells that constitute the majority of the IECs. Tight junctions (TJs), containing proteins such as occludins and claudins, and adherence junctions, consisting of cadherin or nectin, are junctional complexes that connect epithelial cells to each other, supporting the polarity of the epithelial layer and the maintenance of effective barrier function. Different signalling pathways can modulate these tight intracellular seals, as shown in studies with different epithelial cell lines. For instance, kinases like the mitogen-activated protein kinase (MAPK) family or protein kinase A are able to regulate the expression of TJ proteins, thereby modulating the paracellular permeability of the epithelium [20] . In the same way, changes in the expression of some TJ proteins have been shown to regulate cellular mechanisms, such as differentiation, cell growth or apoptosis, among others (reviewed in [20] ). Therefore, these junctions play an important role in the maintenance of the epithelial barrier integrity as well as in cell-to-cell communications. However, the complete pathways have not yet been defined [21] and, due to the limitations of cultured cell lines, further research is required in order to elucidate the role of TJ-dependent regulation in the in vivo context. In addition, the epithelial layer is covered with a thick mucus layer, derived from goblet cells, interspersed between the absorptive epithelial cells. This mucus layer permits efficient absorption of nutrients while inhibiting diffusion of large molecules and adherence of luminal bacteria to the epithelial layer [22] . Accordingly, the mucus layer contributes to the proper maintenance of intestinal barrier function. In certain intestinal conditions, such as shock, increased gut permeability has been observed in association with the disruption of this layer [23, 24] . The protective importance of the mucus layer is also illustrated by the development of spontaneous bacterial-driven colitis in mice with MUC2 mucin deficiency, a main component of the mucus layer [25] .
Other cell types composing the intestinal epithelium are the pyramidal-shaped Paneth cells, generally observed under physiological conditions at the bottom of the small intestinal crypts, or under inflammatory conditions also in the colon. These cells contain eosinophilic granules, whose anti-microbial content, e.g. lysozyme and defensins, helps to prevent bacterial infection of the intestinal crypts [19, 23, 26] . Besides Paneth and goblet cells, enteroendocrine cells also represent secretory cells of the intestinal epithelium. They represent 1% of total epithelial cells and their main function is the secretion of hormones, which coordinate digestion and metabolism [19, 27 ]. An interesting cell type frequently found in the intestinal epithelium are so-called intraepithelial lymphocytes (IELs), a unique population of mostly CD8 + T lymphocytes located within the epithelial cell layer outside of the basal lamina of the intestinal mucosa. IELs seem to be involved in the host defence, but particularly in immune regulation and tissue preservation due to their capacity to secrete immunoregulatory epithelium preserving cytokines [19, 28] . However, their exact role in maintaining intestinal immune homeostasis is still under debate [29] . The intestinal epithelium is a columnar single-cell layer organized in crypts and villi which project into the lumen; and it is common along the small and large intestine. However, differences in morphology and cell distribution can be observed between large and small intestine, and even along the different parts of the small intestine such as the duodenum, jejunum or ileum (proximal distal sections with 20%, 40% and 60% of total area, respectively). For instance, the villus structure is present only in the small intestine and amplifies the surface area up to fourfold (jejunum), compared to the colon. Despite structural differences, a common feature along the intestine is the strikingly fast renewal of the epithelial lining. 
Mechanism of IEC shedding during homeostasis
Excessive epithelial cell loss or decreased regenerative capacity results in a lack of epithelial layer integrity leading to an increase in the intestinal barrier permeability, promoting the leakage of potential hazardous substances and microorganisms into the body. However, despite the very high turnover of cells in this organ, a healthy intestinal mucosa is able to maintain the integrity of the epithelium and gut barrier function by the continuous production of new epithelial cells compensating the loss of mature epithelial cells at the villus tip by shedding. The loss of mature epithelial cells was traditionally believed to be maturation-driven, possibly due to the lack of space at the tip of the villi. Nevertheless, this mechanism is far from being a simple passive process and increasing evidence suggests that it is a complex sequence of orchestrated events that seem necessary to maintain the continuity of the epithelium and the gut barrier function. In this regard, the mechanism by which epithelial cells are shed from the tip of the villus into the lumen is fundamental for understanding intestinal homeostasis in health and disease [23] . However, as cell viability of primary ex vivo cultured IECs is very low [33] and transformed epithelial cells are a poor substitute to study the biology of IECs, the lack of suitable mouse models makes the study of physiological IEC shedding and homeostasis in healthy organisms rather complicated. Thus, the precise mechanism is still poorly understood. Nonetheless, in vivo microscopy studies of the small intestine in anaesthetized mice, or in humans, by using confocal endomicroscopy with intravenous fluorescent probes were able to shed some light in this field [23, 34, 35] . Cells to be shed alter TJs and integrins in order to be able to detach from the basal membrane and neighbouring cells and to start the cell extrusion [36] . However, the nature of the stimuli that alter the TJs in the first place in a homeostatic situation of the epithelium is still under debate. Studies employing in vivo cell tracking suggested that once the contact between neighbouring cells is weakened unknown forces are able to push shedding cells out of the monolayer. Moreover, some authors suggested that due to differences in migration speed these forces might be independent of the pressure exerted from the movement of cells going towards the villus [37] . Once the cell leaves the monolayer, the adjacent cells extend their cytoplasm underneath the shedding cell, creating new junctional elements that maintain the epithelial continuity [23, 36, 38] . Interestingly, although the local barrier function remains intact, several studies have described the existence of certain gaps in the epithelium once the cells are shed [34,37,39]. Apparently, this is possible since the cell-free gaps in the epithelial monolayer are sealed with an impermeable substance, whose nature and origin is still unknown [40] . Finally, the cell being extruded undergoes a detachment-dependent apoptotic cell death [23] . Thanks to this mechanism of cell death, old epithelial cells are removed from the intestinal mucosa without triggering an inflammatory response. However, further research is required in order to completely define the mechanism of IEC shedding during homeostasis, in particular regarding the role of detachment-induced apoptosis in this mechanism [23, 41] .
Detachment-induced apoptosis in IECs
Differentiation-triggered shedding of aged IECs at the villus tip, or shedding of stressed IECs from the basal membrane of the epithelial layer, leads to activation of the main executors of apoptosis, the caspase family, which has been shown to occur alongside the typical cell extrusion morphology [2, 23, 42, 43] (Fig. 1) . Interestingly, IECs show differential apoptosis sensitivity depending on their degree of differentiation [44] . The luminal surface of the epithelium and the crypt region are the more susceptible sites to undergo apoptosis. In general, crypt cells seem to be more resistant to spontaneous apoptosis induction than mature villus IECs, probably also due to the longer lifespan of crypt cells compared to mature villus epithelial cells [2] . Under steady-state conditions apoptotic cells in the intestinal crypts are rarely observed (Fig. 1) . A completely different situation, however, is seen under pathological conditions, where crypt cells seem to be a sensitive target of many apoptosis-inducing triggers [45, 46] . Detachment of IECs leads to a caspase-dependent form of cell death, called anoikis. Similarly, various apoptosis triggers, including TNF, can promote massive shedding of IECs resulting in cell death. At present it is not fully understood whether in this stress-induced form of anoikis the shedding process initiates the apoptosis induction, or whether the initiation of apoptosis and caspase activation is the trigger of cell detachment from the basal membrane and neighbouring cells. But probably the latter is more relevant for stress-induced detachment and associated apoptosis as, after TNF injection or other stressors, cleaved caspase-3-positive cells are already observed at a stage when they are still fully integrated in the epithelial layer (Fig. 1) . Noteworthy, in the case of TNF-induced cell extrusion, apoptosis precedes shedding that occurs as a secondary event; however, due to the technical problems already discussed, the relevance of this mechanism in healthy intestine has not been described [39] . Depending on the type of trigger, anoikis or apoptosis induction leading to shedding of mature IECs can be mediated by the intrinsic as well as the extrinsic apoptosis pathway [9, 47] . For example, detachment of adherent epithelial cell line cells and IECs has been reported to lead to a Bcl-2 family-mem- her-dependent form of cell death (e.g. involving the BH3-only proteins Bmf and Bim) [48, 49] , whereas T NF can also trigger apoptosis of mature IECs and their detachment from the epithelial layer via activation of T NF receptor l (TNFR I) [17, 50] . Of note, although the chronology of events and the proteins implicated in cell shedding induced by these distinct pathways are quite different, crosstalk between them has been reported, generally leading to an amplification of death-receptor-induced signal via activation of the mitochondrial pathway [51 53 ].
T he intrinsic or also called the mitochondrial pathway of apoptosis can be triggered by different stimuli, such as DNA damage or genotoxic stress. These stress signals converge at the mitochondrial membranes by promoting the formation of pores that cause the permeabilization of the mitochondrial outer membrane (MOMP) and the release of proteins from the intermembrane space to the cytosol with lethal consequences for the cell. Therefore, mitochondria and their regulation play an essential role in the control of apoptosis execution by the intrinsic pathway. In this regard, the Bcl-2 family proteins are the critical regulators of the mitochondrial pathway and MOMP. T his family of structurally related proteins includes both pro-and anti-apoptotic members and can be activated by either transcriptional or post-translational mechanisms in response to survival signals or cellular stress [54 56 ]. The Bcl-2 family proteins have been shown to play an essential role in the regulation of IEC apoptosis and survival under physiological and pathophysiological conditions [56 58 ]. For instance, the proapoptotic BH3-only protein Bim is upregulated in response to detachment of the non-transformed small intestinal epithelial cell line IEC-18, where it associates with the pro-survival Bcl-2 member Bcl-xL and promotes anoikis [49] . Similarly, its close relative Bmf has been associated with IEC anoikis [59] . Accordingly, other studies in non-malignant rat and human IECs support the relevant role of Bcl-xL in regulating anoikis [60] .
Following MOMP, the release of pro-apoptotic proteins, such as cytochrome c and Smac/DIABLO, from the mitochondria into the cytoplasm induces several cellular processes considered as the 'point of no return' in cell fate [61] . Once cytochrome c is released, it promotes the oligomerization of a heptameric complex called the apoptosome [62 64] . In turn, procaspase-9 binds to this complex where it becomes auto-activated, thereby promoting downstream caspase activation and apoptosis execution [65] .
On the other side, the death receptor pathway of apoptosis, also known as the extrinsic pathway, is a very well established mechanism, which involves the activation of the TNF receptor superfamily and has been shown to play an important role in anoikis [60, 66, 67] . The apoptosis-inducing members of the TNF receptor family, the so-called death receptors, are membrane sensors that are able to detect their specific cognate ligands ('death ligands'), which promote signals leading to cellular destruction [68] . Various human and mouse death receptors have been identified thus far. Among them, Fas/CD95 (APO-1), TNFrelated apoptosis-inducing ligand receptor 1 (TRAILR1/death receptor 4 or DR4), TRAILR2 (DR5/APO-2/KILLER) and TNF receptor 1 (TNFR1/ p55/CD120a) are the best-studied receptors [68] . Their specific activation with their structurally related cognate ligands results in the recruitment of adaptor molecules, inducing either cell death or pro-survival signals [69, 70] .
In the death receptor pathway, apoptosis events occur mainly after the formation of the death-inducing signalling complex (DISC), the caspase-activating platform for the apical caspase-8. Activation of the DISC depends on the bipartite adaptor molecule Fas-associated death domain (FADD) and results in the recruitment and proteolytic maturation of procaspase-8 [71, 72] . Recent publications revealed the stoichiometry of the DISC core components, providing an explanation of a previously described phenomenon of filament formation after death effector stimulation [73] . Further studies nicely described that instead of the suggested 1 : 1 FADD : procaspase-8 ratio, up to ninefold more caspase-8 than FADD can be found in the DISC as procaspase-8 molecules interact sequentially to form a caspase-activating chain [74, 75] . The length of these procaspase-8 chains was reported to be variable and dependent on various factors, such as the strength of death receptor stimulation, the available pool of procaspase-8 in the cell and the presence and abundance of the catalytically silent caspase-8 homologue, the cellular FLICE-inhibitory protein (cFLIP) [74, 75] . Therefore, cFLIP is a potent inhibitor of death-receptor-induced apoptosis, since it competes with procaspase-8 for binding to the DISC [76] . In this regard, cFLIP appears to be of particular relevance for the regulation of IEC apoptosis, since genetic deletion of cFLIP in the murine intestinal epithelium leads to perinatal lethality, which seems to be at least in part dependent on TNFR1-induced IEC apoptosis [77] . Furthermore, cFLIP expression in IECs is upregulated in patients with IBD, probably as an attempt to prevent death-receptor-induced apoptosis during the course of intestinal inflammation [78] .
Besides cFLIP-mediated regulation of caspase-8 activation, other potentially important mechanisms of death-receptor-induced apoptosis regulation in IECs are decoy receptors (DcRs). These receptors are homologues of the TNF receptor family and compete for their binding to the ligands [69] . For instance, the cell surface molecules DcR1 and DcR2 have been found to bind TRAIL and to antagonize TRAIL-induced apoptosis, whereas the soluble DcR3 binds and antagonizes FasL [70] . Critically, these receptors are either not membrane receptors, as in the case of DcR3, or lack an intracellular death domain and thus cannot promote the recruitment of signalling molecules such as FADD and procaspase-8, ultimately promoting apoptosis. Therefore, by competing for binding to their respective ligands, they can negatively regulate deathreceptor-induced apoptosis [69, 70] . Of interest, high levels of DcR3 have been identified in the colonic mucosa of patients with ulcerative colitis or Crohn's disease, suggesting a potential protective response against FasL-mediated damage of the intestinal epithelium [79 81] . However, it is at present not completely clear what the relevance of FasL-induced IEC apoptosis is during IBD (reviewed in [79] ).
Ultimately, both the intrinsic and the extrinsic pathways of apoptosis lead to the activation of apical caspases promoting the processing and activation of downstream effector caspases. Among the effector caspases caspase-3 is the protease responsible for the cleavage of the majority of the apoptotic substrates [82, 83] . Thus, clearly regulation of caspase activity is a central process in apoptosis control. Molecules that either directly or indirectly control caspase activation and/or activity may also play a critical role in IEC apoptosis. In this regard, members of the inhibitors of apoptosis protein (IAPs) family have received increasing scientific interest due to their proposed novel function as regulators of the balance between life and death signals in the intestinal epithelium. Among the eight human IAPs identified so far, the X-linked inhibitor of apoptosis (XIAP), the cIAP1 and the cIAP2 are the best characterized [84] . XIAP is of all IAPs the only one that exerts its apoptotic inhibitory function by direct binding to the catalytic domain of caspases, while cIAP1 and cIAP2 seem to be more efficient in inhibiting apoptosis through their ubiquitin ligase activity [85] . Interestingly, detachment of the non-malignant highly anoikis-susceptible intestinal epithelial cell line IEC-18 has been shown to trigger upregulation of XIAP and cIAP2 proteins, thus delaying anoikis and providing a regulatory mechanism for cell extrusion [86] .
Therefore, the integrity of the biochemical pathways leading to IEC anoikis or apoptosis are extremely important in order to maintain a healthy intestinal epithelium. Moreover, mutations resulting in the perturbation of these mechanisms may contribute to different intestinal pathologies, including complete destruction of the intestinal epithelial layer and subsequent death on one side of the extreme or anoikis resistance promoting carcinoma progression on the other side [87] .
Pathophysiological conditions promoting excessive IEC apoptosis
Continuous physiological cell death in combination with high proliferation rates of IECs contributes to the striking self-renewing properties of the epithelial layer, maintaining proper intestinal barrier function and preventing the accumulation of damaged and potentially transformed cells. On the other hand, excessive cell death induction in mature IECs and crypt cells may cause a massive breakdown of this homeostatic process, disrupting this epithelial barrier, with the subsequent entry of noxious agents and aberrant stimulation of the intestinal immune system. Excessive IEC apoptosis is initiated by a rather diverse pattern of stimuli, which can be generally grouped into (a) immune-cell-derived triggers, (b) drugs and (c) physical stressors (Fig. 2) . As mentioned above, the intestinal epithelium is one of the tissues with the highest proliferation rate due to constant renewal of the epithelium. Since stem cells and transient amplifying cells in the crypts are proliferating and synthesizing DNA, they are also more sensitive to treatments leading to DNA damage. Thus, it is not surprising that the intestinal epithelium is one of the most sensitive tissues to DNA-damage-inducing treatments. These include irradiation and chemotherapeutic drugs. Consequently, gastrointestinal complications are among the most frequent side effects of cancer therapy. Of interest, DNA-damage-induced apoptosis in IECs is mostly found in the intestinal crypts, in agreement with the proliferative stage of intestinal stem and progenitor cells; however, it is also seen in mature terminally differentiated epithelial cells in the villus, which do not undergo cell cycle progression [46] . This indicates that probably different chemotherapy-and irradiation-induced apoptosis pathways are induced in crypt and villus IECs.
Among the immune-cell-derived triggers, members of the TNF family and their initiation of the death receptor pathway of apoptosis appear to play a dominant role in IEC apoptosis in the context of inflammatory processes of the intestine. Immunopathological conditions which lead to damage of the intestinal epithelium include IBD, bacterial and viral infections, intestinal graft-versus-host disease (GvHD) and sepsis. Common to all of these disorders is that excessive immune cell stimulation leads either to the development of cytotoxic effector functions, which directly cause epithelial damage, or to the systemic or local expression of soluble TNF family members, which then promote apoptosis in IECs. In intestinal GvHD donor-derived allospecific cytotoxic T cells infiltrate the intestinal mucosa and directly kill IECs via cell-mediated cytotoxic effector functions, such as perforin and FasL [88, 89] . Similar cytotoxic effector mechanisms may be responsible for immunecell-mediated damage to the intestinal epithelium during intestinal infections with viruses [90] . In contrast, IEC apoptosis and epithelial damage observed during systemic immune cell activation (e.g. by sepsis) or during IBD appear to be largely mediated by soluble members of the TNF family. In this regard it is important to stress that, while in most cell types and tissues TNF fails to promote apoptosis but rather leads to activating and pro-survival signals, the intestinal epithelium is exquisitely sensitive to the apoptosis-inducing activity of TNF. TNF injection or strong systemic TNF induction upon injection of lipopolysaccharide (LPS) into mice rapidly promotes IEC shedding and apoptosis in mature and crypt IECs [17] . Likely more chronic processes of TNFinduced IEC apoptosis also occur during experimental colitis in mice or IBD in human patients, as neutralization of TNF has a strong therapeutic effect and results in reduced tissue damage, mainly due to the inhibition of cell death but also due to the downregulation of pro-inflammatory processes that might contribute to local tissue damage [91, 92] . Further details on how TNF family members promote IEC apoptosis will be discussed below.
DNA-damage-induced apoptosis in IECs
The use of pharmacological drugs and irradiation in cancer therapy aims at specifically killing tumour cells while sparing normal tissue cells. However, due to the high proliferative capacity and apoptosis sensJtJVJty, these treatments often lead to massive intestinal epithelial injury causing diarrhoea, general malabsorption and infection [93] . These effects significantly limit the effective dose of the chemotherapeutic agents, while at the same time they cause an extremely discomforting situation for cancer patients [94] . While the therapyevoked infection may also be caused by drug-or irradiation-induced cell death in bone marrow cells and associated immune suppression, diarrhoea and malabsorption are directly related to a treatment-induced damage of the intestinal epithelium. Similarly, an increase in the epithelial permeability may also result in increased bacteria penetrating the intestinal mucosa, leading to systemic infection and potentially to sepsis. D ue to their high proliferative potential, crypt cells are 2708 the cells within the intestinal epithelium that are most susceptible to D NA damage and cell death after chemotherapy. T his inappropriate loss of crypt cells results in an intestinal mucosal damage called 'mucositis'. Chemotherapy-induced mucositis is characterized by crypt loss, villus atrophy, as well as impairment of the gut absorptive and barrier functions [95] . T he coordinated action of DNA repair mechanisms, transcriptional regulation and apoptosis constitute the DNA damage response and help to limit these devastating effects [96] . T he DNA repair mechanisms are tightly regulated by cell cycle, cyclin-dependent kinases and their inhibitors, coordinating the repair processes, as well as cell cycle arrest allowing time to repair the D NA [96, 97] . Depending on the type of DNA lesions and the cell cycle phases, different mechanisms are involved in the repair of damaged DNA [96] . If successful, cells survive and return into cell cycle.
However, in the case of persistent or excessive DNA damage where the repair machinery is not able to repair the lesions, cell death is induced [98] . The tumour suppressor gene and transcription factor p53 plays an important role in the regulation of DNAdamage-induced cell death [99] . In particular, p53 has been shown to be critical for irradiation-induced apoptosis in the intestinal epithelium [100, 101] . The p53 protein has been implicated in the regulation of the transcription of genes encoding pro-apoptotic members of the Bcl-2 family, such as PUMA [102] , Noxa [103] , Bim [104] , Bax [105] , but also anti-apoptotic members, such as Mcl-1 [106] . While under steady-state conditions p53 constantly becomes ubiquitinated and degraded by the proteasome, upon induction of DNA damage p53 becomes stabilized and undergoes posttranslational modifications that modulate its activation [107] . Many, if not most, apoptosis-promoting activities of p53 are mediated via the transcriptional control of apoptosis-regulating target genes. In particular PUMA and Noxa appear to be the most relevant target genes in the p53-mediated response to DNA damage. These BH3-only proteins seem to mediate p53-dependent apoptotic pathways in response to DNA damage in most cellular systems, including IECs [108] . PUMA induction has also been shown to contribute to the pathogenesis of inflammation-dependent colitis [109, 110] , implicating p53 in the regulation of epithelial homeostasis also under inflammatory conditions. However, as p53-dependent upregulation of the TNF receptor family and activation of the caspase-8-dependent pathway has also been described [111, 112] , it is feasible to consider that not all p53-regulated cell death is mediated via the induction of BH3-only proteins. Furthermore, it should also be noted that irradiation-induced crypt cell apoptosis still occurs in p53-deficient mice [113] , suggesting the induction of alternative apoptosis pathways. In this regard it is interesting that its close relative p73 also regulates the transcription of the Bcl-2 homologues Bax, PUMA and Noxa [101, 104, 114] and may thus represent a backup mechanism for p53 in irradiation-induced IEC apoptosis.
Current knowledge regarding the role of p53 in DNA-damage-induced IEC death is mostly based on studies in whole-body-radiated mice [94] . Interestingly, the role of p53 in apoptosis seems to be dependent on the degree of radiation and is reported to be irrelevant in spontaneous apoptosis [101] . Even with severe radiation treatment, studies with knockout animals suggested a dual role for p53 in DNA-damage-induced IEC apoptosis [94, 115] . p53 was proposed to have a pro-apoptotic role around 24 h after radiation, due to the transcriptional upregulation of proteins such as Bax, Bak and PUMA, which promote tissue destruction. However, at a later stage (96 120 h post radiation), the p53-dependent induction of proteins involved in the cell cycle arrest and DNA repair mechanism inhibits IECs to undergo lethal mitotic catastrophe. This observation suggests a higher relevance of the p53-dependent inhibition of mitotic cell death and cell cycle arrest in radiation-induced DNA damage than in regulating apoptosis, questioning the applications of p53 inhibitors in some therapeutic scenarios [115] .
Considerable efforts are currently focused on the development of small molecules that help to counteract the side effects of chemotherapy-induced DNA damage in the intestinal epithelium. In this regard, the development of new techniques such as the three-dimensional culture of intestinal organoids, containing intestinal stem cells as well as differentiated progeny cells, may thus represent a most interesting screening system for pharmacological drugs and toxins with higher relevance for human patients than in vitro studies with cell lines or in vivo studies in mouse models [46] .
Immune-cell-driven IEC apoptosis
The plethora of inflammatory disorders that directly or indirectly affect the integrity and the function of the intestinal epithelium already strongly supports the notion that IECs are a prime target of numerous immune-cell-derived cytotoxic effector molecules. This is the case when either immune cells become locally activated or activated immune cells infiltrate the intestinal mucosa (e.g. in intestinal GvHD, colitis or local viral or bacterial infections), but also upon strong systemic activation of the immune system. For example, injection of LPS into mice triggers systemic immune cell activation, specifically macrophages which, indirectly and probably via soluble immunecell-derived factors, trigger excessive apoptosis in the intestinal epithelium. Similarly, induction of sepsis promotes a strong systemic inflammation, which also causes massive IEC apoptosis. Of interest, there is a direct correlation between the extent of epithelial damage associated with sepsis and sepsis-mediated lethality [116] , indicating how important intestinal epithelial barrier integrity is and how vulnerable the intestinal epithelium is to apoptosis induction. This extreme sensitivity of the epithelium to cell-death-promoting stressors is probably a trade-off for an efficient uptake of nutrients and a constant renewal of the epithelial layer. Although numerous immune-cell-derived effector molecules have a potential to do harm to IECs, there is strong evidence that members of the TNF superfamily play a central role in the induction of epithelial damage by apoptosis.
Three members of the TNF family are known for their apoptosis-inducing properties, i.e. TNF, FasL and TRAIL. In contrast, only weak apoptosis-inducing activities have been described for their homologue TWEAK (TNF-related weak inducer of apoptosis), although TWEAK signalling may still have a strong impact on apoptosis induction by other triggers [117] . Upon activation, T cells, and in particular CD8 + cytotoxic T cells, readily express FasL on their cell surface and can promote apoptosis in Fas-sensitive target cells. Injection of a T-cell-activating antibody into mice leads to systemic T cell activation, including activation of intestinal T cells. This treatment results in severe epithelial damage, which is at least in part mediated by FasL-mediated killing of IECs [118] . Interspersed within the epithelial layer the intestinal mucosa contains a large number of mostly CD8 + IELs. Although these cells are generally not cytotoxic, it has been shown that their activation leads to FasL expression and FasL-mediated cytotoxicity. Importantly, during intestinal GvHD, the intestinal epithelial layer is strongly infiltrated by alloreactive donor-derived cytotoxic T cells, which cause severe damage to the host epithelium by promoting FasL/Fas-mediated apoptosis [89, 119] . FasL-mediated epithelial damage has also been implicated in a murine model of experimental colitis, where reduced epithelial damage and inflammation was observed in the absence of the Fas receptor (lpr mice) [120] . Surprisingly, however, Fas receptor signalling may also have an opposite, rather cytoprotective, effect on IECs in other models of murine colitis [121] . Very likely this observation on the protective function of Fas signalling on IEC apoptosis and experimental colitis is related to a more recently recognized activity of the Fas receptor to induce MAP kinases and nuclear factor jB (NF-jB) activation, and thereby promote pro-survival pathways and the expression of pro-inflammatory cytokines [122] . Of interest, nonlymphoid FasL expression has also been reported in IECs, specifically in Paneth cells, even though it appears not to promote IEC apoptosis but rather contributes to the deletion of activated T cells [123] . Thus, FasL has a rather broad spectrum of biological activities in the intestinal epithelium, ranging from cell death-promoting to survival-promoting activities.
The TNF family member TRAIL has gained strong scientific and commercial interest due to its presumably restricted apoptosis-inducing activity in tumour cells [124, 125] . However, there is accumulating evidence that TRAIL may also trigger activating, prosurvival signals in tumour cells [126] and that the proapoptotic activity of TRAIL is not restricted to tumour cells but extends also to primary tissue cells. In this context it is of interest that TRAIL fails to directly promote apoptosis in hepatocytes, but appears to have an enhancing effect on other death triggers [52, 127, 128] . TRAIL and TRAIL receptor expression have been described in the intestinal epithelium, and altered expression patterns and TRAIL sensitivity have been associated with viral infections [129] and IBD [130] . Of interest, TRAIL and TRAIL receptor appear to be co-expressed in colonocytes under normal conditions without evidence of autocrine apoptosis induction. Thus, the precise role of TRAIL in regulating IEC apoptosis in health and disease remains to be elucidated.
The founding member of the TNF family, TNF, is probably the best-documented inducer of cell death in the intestinal epithelium, not only of apoptotic cell death but also of the more recently characterized necroptosis. This is rather surprising as in most tissues and cells TNF fails to induce apoptosis in the absence of sensitizers, such as inhibitors of transcription or protein synthesis. In these tissues TNF rather promotes activating, pro-survival and pro-inflammatory signals, as discussed above. In this respect the intestinal epithelium represents a rather lonesome exception. Although TNF has been implicated in the induction of tissue damage in other tissues under inflammatory conditions (e.g. experimental hepatitis) [131] , the intestinal epithelium represents the most sensitive tissue to the direct action of TNF, in the absence of an acute or chronic inflammation [17, 50] . Furthermore, TNFinduced IEC apoptosis and tissue destruction have been implicated in a number of inflammatory conditions affecting the intestinal mucosa. IBD is the bestcharacterized inflammatory disorder of the intestinal mucosa involving TNF as a major effector mechanism of tissue destruction. Various mouse models of experimental colitis (although not all) [132] depend on TNF. For example, the well-characterized 2,4,6-trinitrobenzenesulfonic acid hapten-induced and the CD4 + CD45Rb
hi T cell transfer model of colitis fail to develop in the absence of TNF [133, 134] . Similarly, TNF is a major target in human IBD, and neutralizing TNF using recombinant antibodies has strong therapeutic success [91] . Although TNF probably contributes to the regulation of various aspects of inflammation, including the induction of chemotactic cytokines, adhesion molecules and the recruitment of immune cells, TNF-induced epithelial damage represents a critical aspect of the pathogenesis of colitis. In this regard TNF has a dual action. Next to disturbing the integrity of the epithelial layer by inducing apoptosis in IECs, TNF also leads to the disruption of TJs [43, 135] , increasing the permeability of the epithelial layer, providing access to immunostimulatory bacterial products and further fuelling inflammation and tissue destruction.
The underlying reason why IECs are so exquisitely sensitive to the cell-death-promoting activity of TNF is at present largely unexplored. It has been well documented that the TNF receptor responsible for transducing cell death in IECs is TNFR1 [50] . Similarly, it is clear that the direct cell-death-inducing activity of TNF involves caspases, as in vivo treatment with caspase peptide inhibitors blocks IEC apoptosis [50] . In most cells TNFR1 rarely induces DISC assembly and caspase activation, but only when alternative signalling pathways are blocked [70, 136] . After being activated TNFR1 can recruit via death domain interactions the alternative adaptor protein TNFR-associated death domain (TRADD), inducing the assembly of other signalling complexes like complex I and II [70, 136, 137] . Complex I is formed by the interaction of the ubiquitin ligases TNFR-associated factor-2 (TRAF2), cIAP1 and 2, and RIPK1 with the adaptor protein TRADD [138, 139] . Following polyubiquitylation of RIPK1 by cIAP1 and 2 the IKK kinase complex (IKK a, b and c/Nemo) is recruited to the receptor complex, and this in turn activates NF-jB [137, 140, 141] . In addition, TNFR1 is also able to activate MAP kinases via TRAF2-mediated recruitment of the MAPK 7 [141] .
TNF-induced activation of MAP kinases and the NF-jB signalling pathways have been shown to play a relevant role in IEC homeostasis, especially in inflammatory disorders of the intestine [78, 142, 143] . Besides its role in cell activation and survival, NF-jB signalling also promotes the release of pro-inflammatory cytokines such as TNF [144] . Of interest, also IECs are able to produce TNF and thereby regulate intestinal inflammation in an autocrine manner [145] . However, Guma et al. showed that the persistent activation of the NF-jB pathway was not sufficient to cause epithelial damage and barrier dysfunction alone, but additional MAP kinase pathway activation is required [142] . This observation supports the protective role of intestinal epithelial NF-jB activation, mostly due to its ability to inhibit IEC apoptosis and prevent epithelial barrier disruption [78, 142, 146] .
Complex II is formed when RIPK1 is deubiquitinated by CYLD. The resulting signalling complex is then dissociated from the receptor and released to the cytosol, where FADD and caspase-8 can bind and initiate apoptosis (complex IIa) [137, 138, 147] . However, the chronology and requirements of these steps are still not fully understood [137] . Considering the exquisite susceptibility of the intestinal epithelium to TNFdependent apoptosis, TNFR1-induced formation of complex IIa appears to be a default pathway in IECs and to proceed most efficiently. And evidently this TNF-induced signalling pathway is of major relevance for the maintenance of epithelial homeostasis in the gut [145] . The underlying molecular basis for this susceptibility is thus far not fully understood. But given the fact that cIAP1 and 2 are important switch factors in the regulation of various signalling outcomes after TNFR1 activation, they probably play an important role in the regulation of IEC sensitivity to TNF. Some hints about the relevance of cIAPs in this process come from observations by Vince et al. [148] and Wicovsky et al. [149] , who demonstrated that the weak apoptosis inducer TWEAK sensitizes various cell lines to TNF-induced apoptosis and necroptosis. This sensitizing effect was attributed to the TWEAK-induced degradation of cIAP1 and TRAF2, resulting in an acceleration of pro-death pathways. Of interest, a recent study on the regulation of TNF-dependent damage of the intestinal epithelium during acute GvHD described that neutralization of TWEAK using a soluble Fn14 receptor substantially reduced intestinal epithelial damage and lethality [117] . In this study we also showed that direct TNF-mediated IEC apoptosis is significantly reduced when TWEAK is neutralized. These findings suggest that cIAPs may indeed play a central role in the regulation of IEC sensitivity to TNF-induced apoptosis. Supporting this notion, we observed that intestinal organoids are sensitized to TNF by TWEAK co-treatment or IAP inhibition (T. Grabinger & T. Brunner, unpublished results).
Finally, it should be mentioned that although the extrinsic apoptosis pathway as mediated by TNF family members appears to have a dominant role in immune-cell-mediated epithelial damage, there is evidence that the intrinsic pathway also contributes to IEC apoptosis under inflammatory conditions. In this regard it has been observed that deficiency of the BH3-only protein Bmf leads to reduced epithelial damage and associated disease in a model of experimental colitis [59] .
Necroptosis in TNF-stimulated IECs
TNF may induce not only activating signals of apoptosis but also a second form of cell death, necroptosis, with substantial differences from apoptosis. After TNF stimulation, next to complex I and IIa, a third complex (complex IIb or necroptosome [150] ) may form [151] . Interestingly, in this case TNF leads to rather necrotic types of cell death features. Deubiquitination of RIPK1 by CYLD directly recruits FADD, caspase-8, cFLIP and an additional RIPK1 family member, RIPK3, via RIP-homotypic interaction domains and independently of TRADD, to trigger necroptosis [151 154] .
The formation of complex IIa or IIb mainly depends on the levels of cFLIP and caspase-8. Complex Idependent NF-jB activation induces the expression of cFLIP [155] , thus preventing complex II-dependent caspase-8 activation and promoting cell survival [138, 156, 157] . However, if cFLIP expression is inhibited, for instance by accelerating its degradation after stress signals, such as JNK activation [158] , complex II will promote caspase-8 activation and apoptosis. In this case, active caspase-8 cleaves and inactivates RIPK1, and thus prevents RIPK1 RIPK3 interaction and the formation of the necroptosome [159] . In contrast, if caspase-8 activity is inhibited, the complex IIb will assemble and RIPK1/RIPK3-dependent necroptosis is induced [16] . Therefore, the ratio cFLIP/caspase-8 activation determines the cellular outcome after TNF stimulation. Moreover, in the intestinal mucosa, cFLIP represents a major switch regulating survival, cell death and tissue homeostasis [77] .
At present the role of necroptosis in epithelial cell death under physiological conditions or epithelial damage during immunopathological diseases is incompletely understood and quite controversial. Thus far, little evidence is available whether administration of TNF in vivo would promote necroptosis in IECs alone or in parallel to apoptosis. In fact, upon administration of TNF or strong induction of TNF expression upon LPS injection caspase-mediated apoptosis appears to be the dominant form of cell death, and caspase inhibition by zVAD-fmk prevents IEC detachment and cell death [50] . Of interest, however, necroptosis appears to have a major importance in the regulation of inflammation and intestinal tissue damage observed in mice with specific deletions of components of the TNFR1 signalling complex. Although RIPK1, caspase-8 and FADD are not required for the embryonic development of the intestinal mucosa and the intestinal epithelium in particular, mice with IEC-specific deficiencies in these genes develop severe intestinal inflammation, which is dependent on intestinal colonization by commensal bacteria, probably stimulating immune cells and mediated by TNF. Thus, the extensive epithelial erosion and inflammation as a consequence of caspase-8 and FADD deletion could be abrogated by deleting either TNF or RIPK3, indicating that necroptosis is primarily responsible for this massive damage of the intestine. Interestingly, although IEC-specific deletion of RIPK1 also results in intestinal epithelial damage, this appears to be rather mediated by apoptosis. Thus caspase-8 deficiency could rescue the inflammatory phenotype of IECspecific RIK1-deficient mice, but not RIPK3 deletion [160] . Therefore, while caspase-8 activity regulates RIPK1 and RIPK1/RIPK3-mediated necroptosis, RIPK1 appears to have also a regulatory role on the TNF-induced activation of caspase-8 and apoptosis. This regulatory role of RIPK1 seems to be independent of its kinase activity, but rather depends instead on its platform function [160] . In summary, necroptosis appears to promote cell death in the intestinal epithelium predominantly when apoptosis induction via the TNF receptor is impaired.
As stated above, many of these massive immunopathologies observed in mice with IEC-specific gene deficiencies of the TNF signalling pathway only develop after colonization of the intestinal lumen by commensal bacteria. This is of interest as also induction of experimental colitis in mouse models is often dependent on the bacterial microflora. Furthermore, antibiotic treatment also has a therapeutic effect in the remission of patients with IBD (reviewed in [161] ). This indicates that the intestinal microbiome is able to trigger inflammatory processes, which if proceeding in an uncontrolled manner lead to devastating responses. In this regard it is interesting that members of the pathogen recognition receptor (PRR) family can also induce necroptosis [150] . Considering the huge bacterial load in the intestinal tract, it is tempting to speculate that IEC necroptosis may represent a host defence mechanism against invasive bacteria. Cells of the innate immune system express PRRs, such as plasma membrane or endosomal membrane associated Tolllike receptors, and cytosolic NOD-like receptors that sense pathogen-associated molecular patterns (PAMPs) contained in viral or bacterial nucleotides, lipoproteins, LPS or peptidoglycans [162] . Studies in several cell lines showed that activated PRRs after PAMP exposure can lead to the induction of the inflammatory response as well as the activation of necroptosis [150, 163] . These PAMP receptors are differentially expressed in IECs [164] . Thus, necroptosis via PAMP receptors may represent a relevant mechanism of intestinal cell death induction contributing to epithelial homeostasis and, if deregulated, to intestinal inflammation and intestinal disorders [2] .
Concluding remarks
In summary, the intestinal epithelium is a tissue where cell proliferation and physiological and pathophysiological cell death go hand-in-hand, contributing to tissue homeostasis and function. The intestinal epithelium is also a tissue where different forms of cell death, i.e. apoptosis and necroptosis, coexist, although apoptosis appears to be responsible for physiological cell death whereas apoptosis and necroptosis account for pathophysiological cell death in the epithelium. The exquisite sensitivity of the intestinal epithelium to apoptosis induction appears to be a price to be paid in order to facilitate efficient nutrient uptake and at the same time maintain tissue homeostasis and prevent bacterial and viral infections and/or the development of tumours. Last but not least, a perfect equilibrium between prosurvival and cell-death-promoting signals is a prerequisite for a dynamic homeostasis in the intestinal epithelium. Upcoming development of new methodologies and model systems that overcome the difficulties involved in the study of IEC turnover under homeostatic conditions will help us to better understand the mechanisms regulating this complex equilibrium, allowing the development of potential therapeutic applications. 
